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Introduction
Arctic systems play an important role in the global carbon cycle (Oechel et al. 1993; Oechel et al. 2000) . Global warming is expected to have a large impact on both soil respiration and primary production of arctic plants, thereby potentially changing the Arctic from a net sink to a source of carbon ( (Oechel et al. 1993; Oechel et al. 2000; Shaver et al. 1992) . Insight into processes driving carbon fluxes is thus essential to predict changes in the carbon stocks in arctic ecosystems. Recent research has focused on measuring and predicting regional carbon budgets (Lloyd 2001 , see Baldocchi 2003 for an overview). As arctic ecosystems are characterized by a heterogeneous mix of vegetation types over short distances (Shaver & Chapin 1991; , often in relation to topography (Walker & Everett 1991) , it is necessary to study the effects of this diversity of vegetation types on regional carbon fluxes to increase the reliability of these regional estimates. Williams et al. (2006) studied carbon exchange of different vegetation types in detail along a toposequence in Northern Alaska, and concluded that more detail is needed to prevent mismatch between fine scale variation and larger scale estimates using eddy flux towers. Although much is known already about fine scale variation in vascular plant processes, less information is available about the importance of mosses in these systems. Shaver & Chapin (1991) showed that mosses are important members of arctic plant communities, representing up to 50% of the total aboveground biomass in wet sites near Toolik Lake. Moss biomass is not constant, but is highly responsive to global change treatments, for example it is affected by increased nutrient inputs by acidic deposition and enhanced nutrient availability by soil warming. Mosses in sub arctic and high arctic systems responded differently to these treatments. In the sub arctic enhanced nutrient input lead to a decrease in moss biomass (van Wijk et al. 2004; Potter et al. 1995; Chapin & Shaver 1985) while in the high Arctic moss biomass increased, especially in open vegetation (Robinson et al. 1998; Gordon et al. 2001) . Wasley et al. (2006) also found positive responses of mosses to nutrient additions in Antarctic systems.
Mosses play an important role in the functioning of arctic ecosystems. They act as a selective layer for nutrient leaching and an insulative layer with respect to heat transport from soil to atmosphere and vice versa (Beringer et al. 2001; Oechel & van Cleve 1986; Skre & Oechel 1981) . Mosses have been shown to be important in the carbon and water exchange of ecosystems with high moss biomass in the high Arctic, and in spring and autumn in low as well as the high Arctic when plant leaves are not fully developed (Hicklenton & Oechel 1976 ). However, mosses are not well represented in thermo-dynamic arctic models (Beringer et al. 2001) . Models predicting evaporative losses in arctic systems generally tend to overestimate water losses, partly because moss dynamics are not included (McFadden, Eugster & Chapin 2003; Lynch et al. 1999) . In the past some site specific studies in the arctic tundra were performed (Sommerkorn, Bolter & Kappen 1999; Hicklenton & Oechel 1976) in which the change in moss contribution to ecosystem carbon exchange was quantified over the seasons. However, until now no general relationships were found to predict carbon and water fluxes of mosses across sites.
Our study aimed to quantify the contribution of mosses to the carbon and water exchange of a range of arctic vegetation types with high moss cover in Northern Sweden and on Svalbard. Furthermore, this study attempts to relate this contribution to ecosystem properties such as leaf area index and spectral reflectance (e.g. the normalized difference vegetation index, NDVI (Rouse et al. 1974) ) across different moss species, the two landscapes at different latitudes, and multiple vegetation types and climatic conditions. NDVI is calculated from the visible and near-infrared light reflected by vegetation. Green vegetation absorbs most of the visible light that hits it, and reflects a large portion of the near-infrared light, whereas sparse vegetation reflects more visible light and less near-leaf area index of vegetation, and can be measured easily across a range of scales using hand held equipment or satellite images. NDVI has been related to the carbon exchange of arctic vegetation (Boelman et al. 2003) . Our hypothesis is that the contribution of mosses to the water and carbon exchange across a wide range of moss species, vegetation types and growing conditions can be related to system characteristics that can be measured relatively easily (e.g. , thereby assuring a broad applicability of the relationships.
Study area
Measurements were made at two locations within the Arctic, around Abisko (Sweden, 68°21'N, 18°49'E) and around Longyearbyen (Svalbard, 78°21'N, 15°70'E). The sites at Svalbard (annual precipitation 200 mm, average annual July temperature 5 o C) were selected so as to include a representative range of vegetation types. In the Abisko area (annual precipitation 225-475 mm, average July temperature 12 °C) two sites were selected. One site is located close to the Abisko Scientific Research Station above the tree line (altitude 540 m above sea level) and is characterized by a distinct heterogeneity in vegetation types over a relatively a small area . The other site is a located in a mire (Stordalen 68°35'N, 19°04'E) and the plots in this site are dominated by Eriophorum and Carex species and Sphagnum.
Within each area a range of plots were selected representing the most important vegetation types based on the circum-arctic classification used by Walker et al. (2005) and for the Abisko region also based on Van Wijk, Williams & Shaver (2005) . By covering the key vegetation types in the two locations we make sure that any relationship we find has a broad applicability and that the sampling scheme is not biased. As the focus of this study was on moss primary production we performed the measurements in plots with a high moss cover (100% or near 100%) but with a wide range of vascular plant cover. After selecting a site an iron frame with legs was put into the soil. A transparent plastic skirt hung from the frame to the ground surface, with a heavy steel chain used to seal the plastic to the ground around the perimeter of the frame (Williams et al., 2006; Street et al. 2007 ).
H 2 O and CO 2 concentration changes were measured for a period of 30 seconds with a gas analyzer (Li-Cor 6400, Li-Cor Inc. Lincoln, Nebraska, USA) which was connected to the chamber. The chamber and the gas analyzer were run in a closed system set up, and mixing of the air within the chamber was done with a fan. Testing in the lab revealed no leaks over the short measurement periods that were used in our methodology, in which, because of these short measurement periods, only relatively small CO 2 gradients developed between the air inside and outside of the chamber. The short time frame over which measurements were taken also assured that adsorption of CO 2 and H 2 O was not influencing our results (Bloom et al. 1980; Hari et al. 1999) . In addition the photosynthetic photon flux density (PPFD), the air temperature and the temperature of the mosses were recorded by the gas-analyzer using its standard PPFD sensor and thermocouples.
To test the effect of the light flux on CO 2 and water fluxes, light intensity was changed artificially. Usually two measurements were done under ambient light, followed by three levels of shading, followed by three dark measurements. Shading was done by placing one, two, or three thicknesses of plastic window screen material over the top and sides of the chamber. Dark respiration was estimated by putting a dark cover (tarpaulin) over the chamber and reducing light intensity in this way to zero. Respiration of the plot was determined by averaging the three dark measurements. Following the approaches of taken at different moments during the day to cover diurnal variations in air temperature.
Detailed analyses of the data of these studies showed no effects of time of day (which could be a proxy for the carbo-hydrate status of the plants) on the measured carbon fluxes.
To determine the contribution of mosses to the gas exchange of the plot, first, the light response of the whole plot was measured (plants, mosses and soil). After completing a light response series, all vascular plants were removed by cutting stems and leaves as low as possible without damaging the moss layer, and making sure that all green leaves of the vascular plants were removed. This meant in practice that in general plants were cut at the moss surface level. The frame was not removed during the harvest to avoid the effect of CO 2 discharge out of the soil. A second light response curve was collected immediately after removing the vascular plants. Because of enhanced wound respiration of the vascular plants, which could possible form a substantial part of the small carbon fluxes of the moss system, we did not use these measurements for determining net ecosystem carbon exchange of the mosses. However, gross primary production (GPP) of the mosses can be calculated by subtracting the dark respiration from the measurements made at each light level.
The temperature in the moss layer, and at 5 and 10 cm depth in the soil, together with the soil moisture content (Hydrosense Water Content Sensor with 20 cm tines, Campbell Scientific) were recorded as soil respiration is strongly affected by these two soil characteristics.
After measuring CO 2 and H 2 O fluxes of the total system as well as of the mosses separately, the moss layer was harvested, stored in a sealed plastic bag, transported to the lab where the species composition and the water content of the mosses was determined. The water content was calculated using the ratio of (fresh weight-dry weight)/dry weight. The thickness of the photosynthetically active moss layer was estimated by measuring the green part of the mosses. The total leaf area of the vascular plants in the plots and the leaf area per vascular plant species were determined after harvest using a scanner and software package (Canon Canoscan LiDE 30 colour image scanner in conjunction with Winfolia software, Regent Instruments Inc.).
A small, unreplicated, watering experiment was performed on Svalbard to test the effect of water on thickness of the green moss active layer, moss water content, GPP and NDVI of Racomitrium panschii (no cf.) species dominated plot. These characteristics were measured both before and after watering.
Both before and after harvest of the vascular plants we used a scanning spectroradiometer (Unispec, PP Systems, Amesbury, Massachusetts, USA) to determine the normalized difference vegetation index (NDVI; Boelman et al. (2003) ). NDVI was calculated by the formula:
where: R IR = reflectance at 725-1000 nm, and R VIS =reflectance at 570-680 nm (Rouse et al. 1974) .
From the water and carbon dioxide concentrations recorded by the gas analyzer the carbon dioxide and water fluxes were calculated, similar to Williams et al. (2006) . This was done with the two formulas: 
We assumed that our dark measurements of F C were equivalent to system respiration (R e ) and calculated system GPP (gross primary productivity) as R e -F c . Similar to this, gross water loss (GW) was calculated as F w minus the dark evaporation of mosses and soil (E dark ).
Data Analysis
To compare differences in CO 2 and H 2 O fluxes between moss and plant species, and relate these differences to the environmental conditions a simple model was used to describe gas exchange responses of the vegetation:
In which P max is the maximum CO 2 flux at saturating PPFD (μmol CO 2 m -2 s -1 ), PPFD is the incoming photosynthetic photon flux density (µmol photons m -2 s -1 ), k is a half saturation constant of photosynthesis (µmol photons m -2 s -1 ). A nonlinear optimization solver was used to fit the data. K was forced to be <400 µmol.m -2 .s -1 to ensure a saturating light-response curve within an acceptable PPFD range. As sometimes the solver had difficulty finding a reliable P max value, we also quantified saturated GPP based directly on data using the measured CO 2 flux in the saturating part of the light response curve (PPFD >600 µmol m -2 s -1 ). This variable we will denote as GPP max . Measurements across the different sites showed saturation of GPP at these values of PPFD, although the modelled response using Equation 3 was not always able to capture that saturation properly (e.g., see Figure 1a ). The initial light use efficiency (LUE) is calculated by dividing GPP by the PPFD value for measurements with PPFD ≤ 200 µmol m -2 s -1 . This trajectory was used, because in this trajectory the response of GPP to PPFD was close to linear and enough measurements could be collected in the field for a reliable estimate.
To calculate the actual contribution of the mosses to the overall ecosystem GPP and water exchange we had to correct for light extinction by the canopy layer in the moss GPP response curve (as we removed the vascular plant canopy while estimating moss gas exchange). For this purpose the model of Lambert Beer was used:
The extinction coefficient (r) was set at 0.5, equal to Herbert et al. (1999) , who simulated light extinction in similar arctic vegetation. As the variation in the extinction coefficients of the dominant vascular plants is high, the sensitivity of the model outcome to changes in r (plus or minus 20%) was checked. The corrected PPFD was entered in the GPP moss model and a new GPP was calculated. The same was done for the water-model. In this correction approach we assume a homogeneous distribution of the canopy over the plot.
The response of ecosystem level water exchange to PPFD was simulated with a simple model assuming a linear relationship between PPFD and the evaporation of the whole system minus the dark evaporation:
Where E total is the evapotranspiration of the total system in mmol H 2 0 m -2 s -1 . After harvesting of the vascular plants, the response of evaporation of mosses and the soil to PPFD was quantified, also assuming a linear response, after subtracting the evaporation estimated during the three dark measurements:
Where E mosses is the evaporation of the mosses in mmol H 2 0 m -2 s -1 .
The Lambert Beer law was used to estimate the reduced light intensities in the understorey and to calculate in this way the actual contribution of the mosses to water losses.
As there is a non-linear relationship between PPFD intercepted by the vascular plant canopy and vascular plant LAI, this means that a new coefficient had to be calculated between moss evaporation and PPFD (c mosses_corrected ):
Next the water exchange of the mosses was subtracted from the measurements of the whole system and a model was fitted through the remaining flux:
Where Transp is transpiration by the vascular plants in mmol H 2 0 m -2 s -1 . Parameter d is used to set the remaining flux at zero PPFD at zero. The contribution of the mosses to the system responsiveness to PPFD was calculated by dividing E mosses , calculated using equation
A statistical analysis was performed using (multiple) regression techniques for investigating empirical relationships. Relations were considered significant at P<0.05.
Results

Carbon exchange
The shown in Figure 1a . Analysis of the extinction coefficient r showed a low sensitivity of the calculated GPP to changes in r. A 20% change in r led to a 2% (±2%) change in GPP. For each plot the P max and the half-saturation constant (k) of the plants and mosses were calculated. The contribution of the mosses is calculated by dividing P max of the mosses by P max of the total system. The contribution of the mosses varied from almost 100% at sites with a low LAI to 20% at sites with a high LAI, and showed a significant negative relation with LAI ( Figure 1b ).
P max of the whole system was positively related with the LAI of the system ( Figure   1c ). However, LAI was a better predictor for the P max of vascular plants only (R 2 =0.58) compared to the whole system (R 2 =0.18) (Figure 1c) . The light response model was used to obtain the corrected moss fluxes and the P max values of the whole system.
GPP max of mosses showed a significant exponential relationship with NDVI ( Figure   2a , R 2 =0.65). Combining the GPP max and NDVI values of the total system and of mosses only showed that these data points fall in more or less the same relationship. In Figure 2b NDVI is plotted against the measured initial light use efficiency (LUE, µmol CO 2 /µmol photons) of the mosses and of the whole system. Except for one obvious outlier a similar exponential relationship as for NDVI and GPP max can be drawn for the initial light use efficiency and NDVI (R 2 =0.57).
Dark respiration of the whole system is strongly related to soil temperature and showed the best relationship with soil temperature at 5 cm depth (Figure 3 ). Moss respiration is not shown in this figure because of enhanced wound respiration of the plants.
Surprisingly, moss temperature showed no strong relationships with the photosynthetic characteristics GPP max and the initial LUE (results not shown). Basal system evaporation (evaporation measured in the dark) was strongly related to moss temperature (Figure 5a ). In one plot basal system evaporation was negative, which means a decrease in the water concentration of the air during the measurement cycle. This When water was added in the small experiment (Table 2 ), the thickness of the "active" upper green layer of moss, water content and NDVI all increased considerably and the GPP increased eight fold within an hour after watering.
Water exchange
NDVI increased asymptotically with the thickness of the green moss layer ( Figure 6 ; R 2 0.48). This thickness of the green layer is related in part to moss water content (R 2 of 0.5, results not shown) indicating that an increase in water content leads to an increase in the active layer thickness, although these variables are not independent.
Discussion
Our results demonstrated that photosynthetic characteristics of mosses and moss contribution to carbon and water fluxes at the ecosystem level can be related to ecosystem characteristics such as NDVI and the LAI of vascular plants that are relatively easy to measure remotely.
As the Arctic is characterized by a large spatial heterogeneity (Bliss, Heal & Moore 1981; Shaver et al. 1996) such relationships are important to understand and quantify if we want to predict the carbon and water exchange of arctic vegetation types across the landscape.
Although our study concentrated on vegetation types with high moss cover (close to 100%), it shows the potential for deriving such simple relationships between ecosystem characteristics and the complex dynamic processes in these ecosystems. The number of sites for which light curves were collected was relatively limited (i.e. 25), but we did cover a wide range of growing conditions and moss species (see Table 1 ). Further research on other arctic sites will show whether the relationships found in this study can also be applied outside of the growing conditions of Abisko and Svalbard and the moss and plant species found in these locations. In our sites the moss contribution to the photosynthetic capacity of the ecosystem varies from almost 96% in plots with low LAI to 14% in plots with a high vascular plant cover (Figure 1b) and shows a strong negative correlation with LAI. Several studies have focused on moss contribution to photosynthesis in forests (Heijmans, Arp & Chapin 2004; Drewitt et al. 2002; Goulden et al. 1998) showing a contribution varying from negligible (Drewitt et al. 2002) to 10 to 50% (Goulden & Crill 1997) . The relative contribution of mosses to system level carbon exchange in the Arctic can thus be substantially greater than in forest systems. Although other studies previously quantified the contribution of mosses to arctic ecosystem level carbon exchange over time (Oechel & Collins 1976; Sommerkorn et al. 1999) , these studies were site specific, and no general relationships across the landscape were derived. It is important to realize here that the relationship between moss contribution to system level GPP and LAI (Fig. 1b) is derived for plots with high moss cover. We expect it to become less clear if also plots with lower moss cover are also included. Figure 1b therefore represents the upper border of moss contribution to system level GPP.
The decrease in contribution of mosses with increasing vascular plant LAI can be explained by two underlying processes. First, an increasing canopy density (vascular plant LAI) leads to a decrease in the amount of light that reaches the moss layer, thereby resulting in a decrease in GPP of the mosses. And second, the contribution of vascular plants increases because their photosynthetic capacity increases with increasing leaf area ( Figure 1c ). An increase in LAI leads to in an increase in both the P max of the total system and of the vascular plants. Furthermore, the slope of the regression line between P max and LAI at the ecosystem level was smaller than at vascular plant level, showing the decreasing relative contribution of mosses to system level P max with increasing LAI. From our results it is clear that in moss dominated systems LAI is not a good predictor for ecosystem level GPP (Figure 1c) . Williams et al. (2006) also found a relationship between P max and LAI in their study in Northern Alaska, but with a relatively large uncertainty which they attributed to the error in the LAI estimates. However based on our results, it seems more likely that the GPP -LAI uncertainty is caused at least in part by the presence of mosses in these systems.
NDVI is a good predictor of CO 2 exchange characteristics of mosses (Figure 2a and   b) . A strong correlation is found between NDVI and GPP max of mosses across different moss species, two latitudes, vegetation types and climatic conditions. Whiting (1994) observed problems in relating the NDVI of Sphagnum spp to carbon exchange characteristics and suggested the development of new relationships between carbon exchange of mosses and remote sensing techniques. Our study, however, shows that across moss species, NDVI is a good predictor of both the initial light use efficiency (LUE) and the photosynthetic capacity.
Furthermore, the relationship between the GPP max of moss systems and NDVI seems to fit in well with the overall relationship between GPP max and NDVI of systems with vascular plants (Figure 2a and b) . Further research is needed to test whether the relationships between NDVI and the photosynthetic parameters also hold for plots with moss cover less than 100%.
The respiration coefficient of the vegetation types measured in this study shows a strong relation with soil temperature (Figure 3a) . However, temperature showed no clear effect on moss photosynthetic characteristics (Figure 3b and c) . Apparently the effects of growing condition and moss species on these characteristics are overruling any effects that temperature has. Also a part of the possible temperature effect is captured in the PPFD relationships in our analysis, as these factors are correlated.
The relationships of NDVI with the photosynthetic characteristics of mosses can be interpreted as having a functional significance, because NDVI also showed correlations with moss characteristics such as active layer depth ( Figure 6 ). For vascular plants NDVI is a good measure of the solar radiation absorbance capacity of the canopy and can be related to leaf area of vascular plants (Tucker, 1979; Boelman et al. 2003) . The leaf area of moss is hard to determine and therefore the thickness of the active green layer of mosses was used as an indicator.
In the water addition experiment GPP increased more than 8 fold and also the active layer thickness increased substantially (Table 2) . Although no robust conclusions can be drawn based on this small experiment, the results support the idea that thickness of the active layer is related to moss water content and that with increasing thickness of the active layer GPP of mosses increases as well. Furthermore, NDVI shows a clear increase after watering the mosses. This change in NDVI is in correspondence with Vogelmann & Moss (1993) who observed changes in reflectance with changing water content in Sphagnum species. The results are in contrast to the study of Lovelock & Robinson (2002) in which a strong relationship between total chlorophyll concentration of mosses and NDVI was found, but no relationship between NDVI and water content.
Mosses are not only important with respect to carbon exchange, but they clearly also play an important role in the water exchange of Arctic ecosystems (Figure 4b ). Although the relationship is much less clear than in the analysis of the carbon exchange, LAI shows a significant relationship with the moss contribution to system level water exchange. LAI is related linearly to the transpiration of vascular plants, but it shows no relationship at all to the water exchange of the whole system. This result is similar to the one obtained for the carbon exchange, although in that case LAI still shows a significant correlation with system level P max , whereas for water no relationship existed. As expected, the evaporative loss of mosses per incoming photon is related to moss water content (Figure 5b ). The basal system evaporation of moss plots plot was strongly related to moss temperature (Figure 5a ), which is expected from an energy balance point of view. Vascular plants do not contribute to this basal system evaporation; it is only the sum of soil and moss evaporation.
The results of the water exchange data are less easy to interpret than those of the carbon exchange. This is mainly due to a build-up of errors and the lower performance of the water exchange -irradiance response model, explaining the wide range of relative contributions at an LAI value of zero m 2 leaf per m 2 surface area (Figure 5c ), where one would expect a vascular plant contribution of zero to system evaporation. Because of discrepancies between model and measurement this is often not the case. In contrast to the modelling error of the light-response curve of the carbon dioxide model, which is fitted with two parameters, each characterizing a separate part of the light response curve, the coefficient of the linear water response is more sensitive to deviations of individual measurement points.
In this study the carbon and water exchange of moss dominated systems is quantified and related to system properties. LAI and NDVI are reasonable predictors of carbon and water exchange of mosses in sites with high moss cover. In this study the moss contribution varied along large latitudinal and topographic gradients and we did not quantify the temporal development of moss gas exchange throughout the year. Oechel & Collins (1976) and Sommerkorn et al. (1999) performed site specific studies in the arctic tundra and they were able to quantify the change in moss contribution within and between seasons. Mosses are important at sites with low vascular plant density as well as in the shoulder (spring and autumn) seasons, especially in spring when the vascular canopy is not fully developed and when mosses are less subject to drought because of recent snowmelt. Furthermore, experiments in the past showed a well-developed capacity of mosses to acclimate to their environment. Positive assimilation rates of mosses have been measured below 0°C (Valanne 1985) . Also freezing is not a hazard. In Racomitrium lanuginosum, an arctic moss species, reactivation occurs within a few hours, even after temperatures of -30°C (Valanne 1985) .
This supports the suggestions that the higher carbon and water exchange contribution of mosses are larger during spring and autumn.
To better understand the dynamic development of the moss contribution to ecosystem carbon and water exchange over the seasons, more insight is needed on the controls over moss physiology and the phenological development of both mosses and vascular plants. To track leaf area development during the growing season a less rigorous LAI-method than harvesting must be chosen and a better predictor for the photosynthesizing area of mosses should be developed. Leaf area as a measure of photosynthesizing area cannot easily be applied to mosses. As not only moss cover is an important determinant of GPP, but also the thickness of the green layer, this means that using green moss volume as a predictor for photosynthesizing area would probably improve the prediction of GPP. As we selected our plots for 100% moss cover, we are not able to show the effect of moss cover and density on their contribution to ecosystem level fluxes.
From this study a relatively complex relationship arises between LAI, moss cover and moss contribution to carbon and water exchange. Increasing moss cover leads to an increase in the moss contribution to system level carbon and water exchange, whereas increasing vascular plant LAI leads to a decrease. However, we expect moss cover and LAI not to be totally independent variables and we expect the relationship between LAI and moss cover to be complex, with a lot of scatter caused by environmental conditions. Even in coniferous forests with, compared to arctic systems, high LAI values, moss covers of close to 100% can occur. Furthermore, if one aims at the dynamic prediction of moss photosynthesis a quantification of the influence of water dynamics on carbon and water exchange of mosses is needed (Lloyd, 2001) . 
